The pneumococcal endo-␤-N-acetylglucosaminidase LytB is required for cell division and colonization. Results: Structural analysis revealed that the catalytic domain of LytB consists of three structurally distinct modules. Conclusion: All three modules of LytB are necessary for its optimal activity toward peptidoglycan hydrolysis and for pneumococcal adhesion to respiratory epithelial cells. Significance: Provided is the structural insight into LytB-mediated pneumococcal cell wall remodeling and pathogenesis.
The cell wall, a multi-molecular coat, is essential for bacterial survival and growth. The cell walls of Gram-negative and Gram-positive bacteria have considerable structural and functional differences. Although the Gram-negative cell walls are relatively thin (7-8 nm) and covered by the outer membrane, those of Gram-positive bacteria are much thicker (20 -80 nanometers) and exposed to the environment unless they are covered by other accessory structures (e.g. capsules or slime layers) (1) . The bacterial cell wall mostly consists of repeating peptidoglycan (PGN, 5 also known as murein) structures. PGN is composed of alternating residues of ␤(1,4)-linked N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), and cross-linking peptide chains of three to five amino acid residues (2) . Delicate "destruction" or remodeling of the cell wall is crucial for bacterial cell growth and division (3) . There are multiple hydrolases capable of cleaving the covalent bonds in PGN. According to the target chemical bonds, these PGN hydrolases are grouped into five classes: amidases, glucosaminidases, muramidases (lysozymes), endopeptidases and transglycosylases (4) .
The Gram-positive bacterium Streptococcus pneumoniae (pneumococcus) causes multiple forms of infections in humans such as community pneumonia, otitis media, and meningitis (5) . More than 90 pneumococcal serotypes have been identified based on the diversity of capsular polysaccharides, which are used as vaccines to limit the impact of pneumococcal disease. However, S. pneumoniae remains a major bacterial pathogen worldwide due to the high cost and incomplete serotype coverage of the current vaccines. Thus, there is a need for developing protein-based vaccines that can cover all capsular serotypes of pneumococci (6) . Choline-binding proteins are among the most extensively studied surface proteins in terms of their contributions to pneumococcal pathogenesis and immuno-protection potentials for improving the existing pneumococcal vaccines. Among these are the choline-binding proteins that possess PGN hydrolase activities, including LytA (7), LytB (8) , LytC (9) , and CbpD (10) . All the four proteins have a choline binding domain (CBD) beyond the catalytic domain. The CBDs of LytA and CbpD locate at the C termini, whereas those of LytB and LytC are at the N termini (11) . LytA, an N-acetylmuramoyl-L-alanine amidase, is the first characterized autolysin in S. pneumoniae (7) . It is required for pneumococcal autolysis in both stationary phase and the penicillin-induced conditions (12) or daughter cell separation (13) . However, deletion of lytA does not alter the bacterial growth rate but results in pneumococci with short chains (6 -8 cells) (13) . A structural study of the LytA CBD suggests that active LytA adopts a dimer (14) . Intranasal immunization with a recombinant LytA conferred significant protection against experimental infection of five different pneumococcal serotypes (15) . LytC is a lysozyme toward the ␤(1,4)-glycosidic bond between NAM and NAG (9) . The crystal structure of LytC shows that its hydrolase domain is oriented toward the CBD to form an unusual hook-shaped conformation that restricts LytC to hydrolyze only the non-crosslinked PGN (16) . CbpD is a murein hydrolase that is required for killing of noncompetent pneumococci by the competent counterparts, a phenomenon called fratricide (10) . Both LytA and LytC are also involved in fratricide due to their role of lysis of non-competent sister pneumococcal cells (17) .
LytB was originally identified as a PGN hydrolase as the ⌬lytB pneumococci were deficient in cell separation and formed long chains (ϳ100 cells) (8) ; however, the ⌬lytB mutants displayed normal autolysis and genetic transformation (18) . A subsequent study demonstrated that the purified recombinant LytB is able to disperse the long chains of ⌬lytB pneumococci, suggesting an endo-␤-N-acetylglucosaminidase activity that cleaves the ␤(1,4)-glycosidic bond between NAG and NAM (18) . Both LytB and LytC are necessary for pneumococcal colonization at the nasopharynx of mice (19, 20) . Recently, Atilano et al. (21) reported that the glucosaminidase domain of staphylococcal major autolysin Atl, which corresponds to the pneumococcal LytB, can conceal the bacteria from being detected by innate immune system of Drosophila. Altogether, it suggested that LytB takes an important role in cell separation and pathogenicity. However, the biochemical mechanism of LytB as a PGN hydrolase remains undefined. Here we report the 1.65 Å crystal structure of the catalytic domain (residue Lys-375-Asp-658) of LytB. Structural analysis revealed that the catalytic domain of LytB consists of three structurally independent modules: SH3b, WW domain-like, and the glycoside hydrolase family 73 (GH73). All of the three modules were proved to be necessary for the optimal activity of LytB by mutagenesis and enzymatic tests. Glu-564 in the GH73 module was further identified as the key residue for catalytic activity of LytB in the PGN hydrolysis, in vitro cell dispersing, and in vivo cell separation. Finally, we demonstrated that the full-length LytB is required for pneumococcal adhesion to and invasion into human lung epithelial cells.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Chemical Reagents-All S. pneumoniae strains used in this study are listed in Table 1 . The strain TIGR4 (serotype 4) (22) was used as the parental strain. Pneumococcal strains were cultured in Todd-Hewitt broth (Oxoid Ltd., London, UK) containing 0.5% yeast extract (termed THY) or on tryptic soy agar (Difco) plates containing 5% (v/v) sheep blood. When necessary, kanamycin (200 g/ml) or streptomycin (150 g/ml) was included in the broth and agar media for selection purposes. Pneumococci were cultured at 37°C with 5% CO 2 . Unless indicated otherwise, all bacterial culture media and chemicals used in this work were purchased from Sigma.
Protein Expression and Purification-The coding region of the full-length LytB and its truncated versions were amplified from the genomic DNA of wild-type S. pneumoniae TIGR4 or the deletion strain ST004 ( Table 1 ). All of them were cloned into a pET28a-derived expression vector with an N-terminal His 6 tag. The recombination plasmids were transformed into Escherichia coli strain BL21 (DE3) (Novagen) growing at 37°C in LB culture medium (10 g of NaCl, 10 g of Bacto-Tryptone, and 5 g of yeast extract/liter) containing 30 g/ml kanamycin until the A 600 nm reached 0.6. Expression of the recombinant proteins was then induced with 0.2 mM isopropyl ␤-D-1-thiogalactopyranoside for another 20 h at 16°C before harvesting. Cells were collected and resuspended in 40 ml of lysis buffer (20 mM Tris-Cl, pH 8.0, 100 mM NaCl). After 30 min of sonication and centrifugation at 12,000 ϫ g for 30 min, the supernatant containing the soluble target protein was collected and loaded onto a nickel-nitrilotriacetic (GE Healthcare) equilibrated with the binding buffer (20 mM Tris-Cl, pH 8.0, 100 mM NaCl). The target protein was eluted with 300 mM imidazole and further loaded onto a Superdex 75 column (GE Healthcare) pre-equilibrated with 20 mM Tris-Cl, pH 8.0, 100 mM NaCl. Fractions containing the target protein were combined and concentrated to 10 mg/ml for crystallization.
The selenium-methionine (Se-Met)-labeled LytB CAT protein was expressed in E. coli strain B834 (DE3) (Novagen). Transformed cells were grown at 37°C in Se-Met medium (M9 medium with 25 g/ml Se-Met and the other essential amino acids at 50 g/ml) containing 30 g/ml kanamycin until the A 600 nm reached 0.6 and were then induced with 0.2 mM isopropyl ␤-D-1-thiogalactopyranoside for 4 h at 37°C. Se-Met substituted His 6 -LytB CAT was purified in the same manner as native His 6 -LytB CAT .
The LytB site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) with the plasmid encoding the full-length LytB without the signal peptide as the template. The mutant protein was expressed, purified, and stored in the same manner as the wildtype protein.
Crystallization, Data Collection, and Processing-Both native and Se-Met-substituted LytB CAT were concentrated to 10 mg/ml by ultrafiltration (Millipore Amicon) for crystallization. Crystals were grown at 289 K using the sitting drop vapor diffusion method, with the initial condition of mixing 1 l of protein solution with an equal volume of the reservoir solution (15% polyethylene glycol 6000, 0.1 M sodium cacodylate, pH 6.0). The crystals were transferred to cryoprotectant (reservoir solution supplemented with 30% glycerol) and flash-cooled with liquid nitrogen. Both native and Se-Met derivative data for a single crystal were collected at 100 K in a liquid nitrogen stream using beamline 17U with a Quantum 315r CCD detector (Area Detector Systems Corp., Poway, CA) at the Shanghai Synchrotron Radiation Facility. All diffraction data were integrated and scaled with the program HKL2000 (23) .
Structure Determination and Refinement-The crystal structure of LytB CAT was determined using the single-wavelength anomalous dispersion phasing (SAD) (24) method from a single Se-Met-substituted protein crystal. The Autosol program from PHENIX (25) was used to locate the heavy atoms, and the phase was calculated and further improved with the program SOLVE/ RESOLVE (26, 27) . Automatic model building was carried out using Autobuild in PHENIX. The initial model was refined using the maximum likelihood method implemented in REFMAC5 (28) as part of the CCP4i (29) program suite and rebuilt interactively using the program COOT (30) . The final model was evaluated with the programs MOLPROBITY (31) and PROCHECK (32) . Crystallographic parameters were listed in Table 2 . All structure figures were prepared with PyMOL. a The values in parentheses refer to statistics in the highest bin.
, where I i (hkl) is the intensity of an observation, and ͗I(hkl)͘ is the mean value for its unique reflection; summations are over all reflections. Computational Docking-The tetrasaccharide-pentapeptide docking with LytB CAT was performed with AutoDock Vina software (Version 1.0) (33) , which uses a unique algorithm that implements a machine learning approach to its scoring function. The docking allowed us to obtain a population of possible conformations and orientations for the ligand at the binding site. Using AutoDock Tools (ADT) 1.5.4 (34), polar hydrogen atoms were added to LytB CAT structure, and its non-polar hydrogen atoms were merged. The protein LytB CAT , and the ligand were converted from a PDB format to a PDBQT format. All single bonds within the ligand were set to allow rotation. A grid box with dimensions of 40 ϫ 45 ϫ 50 points was used around the active site to cover the entire active site and allow ligand to move freely. The results were sorted by binding affinity and visually analyzed using PyMOL.
Purification of Pneumococcal PGN and Hydrolytic Activity Assay-Mature and immature PGN were purified from the wild-type S. pneumoniae TIGR4 strain and the lytB knock-out strain, respectively, according a previous protocol (35) . The purified PGN was labeled with Remazol Brilliant Blue (Sigma) (termed RBB-labeled) as previously described (36) .
Recombinant LytB truncations were incubated with RBBlabeled mature or immature PGN substrate and assayed for the activity by measuring RBB-labeled PGN release as previously reported (36) . Each assay was performed at 37°C in a system of 150 l containing the buffer of 50 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7.0, 10 M purified protein, and 1 mg/ml RBB-labeled PGN. For LytB and mutant LytB E564Q , 10 mM choline chloride was added. After incubating at 37°C for 10 h, the insoluble substrate was removed by centrifugation at 130,000 ϫ g for 20 min, and the amount of soluble RBB-labeled PGN fragments that was released to the supernatant by hydrolysis was determined by measuring the optical density at 595 nm with a DU800 spectrophotometer (Beckman Coulter, Fullerton, CA). The buffer without the protein was used as the negative control.
Construction of lytB Knock-out S. pneumoniae and the Chain-dispersing Assay-The chromosomal lytB deletion mutant of S. pneumoniae was generated from the strain TIGR4 by allelic replacement as described previously (37) . The upstream (978 bp) and downstream (1046 bp) lytB flanking regions in strain TIGR4 were separately amplified from the prepared genomic DNA by PCR with primer pairs PR0013/PR0014 and PR0015/PR0016 (Table 1) , respectively. The Janus cassette was amplified from the prepared genomic DNA of S. pneumoniae strain ST588 (22) using primers Pr1097 and Pr1098 (Table 1 ). The PCR products of the Janus cassette, upstream and downstream of lytB sequences were purified from agarose gels using the DNA gel purification kit (Qiagen, Valencia, CA), digested by XbaI and XhoI, and ligated by T4 ligase (New England Biolabs, Beverly, MA). The ligation mixtures were then transformed into the strain TIGR4 to select kanamycin-resistant colonies on blood agar plates as described previously (37) . The loss of the whole lytB coding region and the presence of the Janus cassette in the lytB locus in kanamycin-resistant colonies were detected by PCR amplification, restriction digestion, and DNA sequencing.
The chain-dispersing activity assay was performed as described previously (18) . The S. pneumoniae TIGR4 ⌬lytB (strain ST001) was grown in THY to an A 620 nm 0.3, incubated in the presence of 1 M full-length LytB or its mutant forms at 37°C for 30 min, and diluted with PBS before Gram staining. Bacterial cells were photographed under a Zeiss light microscope (Carl Zeiss, Thornwood, CA) with an Axion Vision camera (Axion Technologies, Houston, TX).
Construction of S. pneumoniae Mutants, Complementation and Cell Separation Activity Assay-The chromosomal lytB complement and point mutant lytB E564Q S. pneumoniae strains were generated in the streptomycin-resistant derivative strain ST003 by allelic replacement using the counter selectable Janus cassette as described previously (38) . In brief, the upstream and downstream regions of lytB locus in strain TIGR4 were separately amplified from the preparation genomic DNA by PCR using primer pairs PR0013/PR0054 and PR0057/PR0016 (Table  1) , respectively. The mutant coding region of LytB E564Q was amplified from the LytB E564Q recombination plasmid pET28a using primer pairs PR0055/PR0056 (Table 1 ). All these PCR products were purified from agarose gels with the DNA gel purification kit (Qiagen). The PCR fragments of the upstream region, the mutant lytB coding region, and downstream were fused by overlap extension PCR with primers PR0013 and PR0016 (39) . The fusion PCR products purified from agarose gels were used to transform the lytB knock-out streptomycinresistant derivative strain ST003 to select streptomycin-resistant colonies on blood agar plates.
In-frame deletion in the lytB gene of strain TIGR4 was generated by allelic exchange at the streptomycin-resistant lytBnull mutant strain ST003 as described previously (38) . DNA fragments flanking the deleted sequences of the lytB gene were initially amplified by PCR using primers listed in Table 1 according a previously reported procedure (22) . The purified initial PCR products were subsequently joined together by overlap extension PCR (39) , then used to transform strain ST003, respectively. Transformants, which are resistant to streptomycin and sensitive to kanamycin due to the loss of the Janus cassette (38) , were selected and confirmed by DNA sequencing.
The in-frame deletions lytB strains were grown in THY medium at 37°C with 5% CO 2 to an A 620 nm of 0.3, and bacterial samples were taken and dyed by Gram's stain, respectively. Pictures were taken with a Zeiss microscope as above.
Cell Adhesion and Invasion Assays-Pneumococcal adhesion was assessed as described previously (40) . A549 human lung epithelial cells were grown in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum, penicillin (5 g/ml), and streptomycin (100 g/ml). Briefly, ϳ5 ϫ 10 4 cells were seeded into 24-well tissue culture plates (Nunc, Naperville, IL) and grown in 5% CO 2 at 37°C for 48 h. The cell monolayers with ϳ2 ϫ 10 5 cells were washed twice with PBS and then inoculated in a standardized assay with 2 ϫ 10 7 pneumococci, which were grown in THY medium to an optical density at 620 nm of 0.3ϳ0.4 and resuspended in the DMEM medium without serum. After 3 h of incubation at 37°C in 5% CO 2 , the infected monolayers were washed 5 times with sterile PBS to remove unbound bacteria and treated with 200 l of 0.25% trypsin, 0.02% EDTA for 3 min at 37°C, and then lysed by the addition of Triton X-100 (0.025% in PBS). The number of adhered bacteria was determined by plating serial dilutions of the recovered bacterial suspensions onto tryptic soy agar plates containing 5% (v/v) sheep blood.
Pneumococcal adhesion was also assessed by fluorescence microscopy. A549 cells were grown on glass coverslips in 6-well plates (Nunc) and infected with fluorescein isothiocyanate-labeled pneumococci as described previously (19) . The infected monolayers were fixed with paraformaldehyde (4.0% in PBS for 10 min at 4°C) and permeabilized with Triton X-100 (0.1% for 5 min). After washing with PBS for three times, propidium iodide (Sigma) was used for nuclear staining according to the manufacturer's instructions. Slides were examined with a confocal laser scanning biological microscope FV1000-IX81 (Olympus, Japan) with an UPlanFLN 100ϫ/1.3NA objective. Confocal parameters set for immunofluorescence detection were taken as standard settings. Images were processed with the ImageJ software (imagej.nih.gov).
Invasion assay was used to quantify the number of viable intracellular pneumococci as described (40) . The cell monolayers were infected as described above. After 3 h of infection, the cells were washed 5 times with PBS to remove unbound bacteria, and 0.7 ml of fresh DMEM containing 100 g/ml gentamicin and 10 g/ml penicillin G was added per well. The plates were incubated for 1 h at 37°C to kill the extracellular bacteria. Cell monolayers were washed 3 times with sterile PBS and treated with 200 l of 0.25% trypsin, 0.02% EDTA for 3 min at 37°C and then lysed by the addition of Triton X-100 (0.025% in PBS). Invasive bacteria were determined by plating serial dilutions of the recovered bacterial suspensions onto tryptic soy agar plates containing 5% (v/v) sheep blood. Experiments were repeated three times. Data corresponding to adhesion and invasion were compared using analysis of variance. Statistical analyses were performed with GraphPad InStat Version 5.0 (GraphPad Software, San Diego, CA).
All adhesion and invasion experiments were repeated at least twice. The data are presented as the means Ϯ S.E. from the results of three or more replicate wells or cover slips.
RESULTS
Overall Structure-The full-length LytB is composed of an N-terminal signal peptide and a CBD of 13 putative choline binding repeats followed by a C-terminal catalytic domain (Fig.  1A) . The recombinant LytB without the signal peptide exists as a monomer in solution, which was applied to crystallization in the presence of choline. After exhaustive screening, we did not find diffraction-quality crystals, which might be due to flexibility of the CBD. Using limited proteolysis and liquid chromatography-mass spectrometry analyses, we identified a stable 32-kDa segment that corresponds to the C-terminal catalytic domain (residues Lys-375-Asp-658, termed LytB CAT hereafter). We thus overexpressed this segment and subjected it to crystallization. We obtained the high quality crystals and solved the structure at 1.65 Å resolution (PDB code 4q2w). Each asymmetric unit contains one protein molecule, most residues of which could be well defined in the final model, except for 10 residues from Lys-375 to Glu-384 at the very N terminus and an 11-residue region (residue Ala-584 -Lys-594) between helices ␣4 and ␣5, due to the missing of electronic density.
The overall structure is composed of three distinct modules packing against each other: two all-␤ modules (residues Asn-385-Ser-450 and Lys-451-Asp-493, respectively) followed by the C-terminal catalytic module (residues Gly-494 -Asp-658). The three modules are linked by two loops, forming a triangle structure (Fig. 1B) . The first all-␤ module (residues Asn-385-Ser-450) adopts a ␤-barrel fold consisting of one twisted antiparallel ␤-sheet (␤1-␤4-␤7) and two ␤-hairpins (␤2-␤3 and ␤5-␤6) packing against each other. A 3 10 helix 1 is located between strands ␤6 and ␤7. The second all-␤ module contains a three-stranded antiparallel ␤-sheet (␤8-␤10). The C-terminal catalytic core module contains six ␣-helices (␣1-␣6) and a 3 10 helix 2. Notably, the helix ␣3 is located at the center and adopts an orientation almost perpendicular to the surrounding helices.
Structural Comparison-Based on the primary sequence analysis, the catalytic module of LytB has been previously annotated to the GH73 in the Carbohydrate Active EnZymes database (41) . To date, two members in this family have known structures. They are the surface-associated autolysin Auto from Listeria monocytogenes (42) and the flagellar protein FlgJ from Sphingomonas sp. (43) . Auto consists of a GH73 domain followed by four bacterial SH3 domains (termed SH3b), whereas FlgJ contains a GH73 following a rod binding domain (Fig. 2, A  and B) . Despite a sequence identity of less than 12%, the catalytic core module of LytB shares a very similar overall structure to the GH73 domains of Auto and FlgJ; thus we termed it LytB GH73 . Superposition of LytB GH73 against the GH73 domains of Auto and FlgJ yielded an r.m.s.d. of 2.12 and 1.96 Å over 94 and 86 C␣ atoms, respectively. Beyond the core all-␣ domain, both GH73 domains of Auto and FlgJ have an extra thumb-like ␤-hairpin (Fig. 2, A and B) , which was proposed to contribute to the extended substrate binding groove (42, 43) . In contrast, the corresponding segment of LytB GH73 is missing in the crystal structure due to its flexibility (Fig. 2, A and B) . In addition, LytB GH73 possesses an active site similar to that of Auto, with Glu-564 of LytB GH73 exactly superimposed onto the catalytic residue Glu-122Ј of Auto ( Fig. 2A, inset) . Moreover, the aromatic residues Phe-580, Tyr-633, and Trp-639 of Lyt-B GH73 also adopt a conformation similar to that of three corresponding residues of Auto (Phe-139Ј, Tyr-220Ј, and Tyr-226Ј), which were proposed to create a hydrophobic environment to increase the pK a of the catalytic residue Glu-122Ј for ensuring the protonation of its carboxyl group (42) . In addition, sequence alignment indicated that the GH73 domains of the major autolysin Atl from Staphylococcus aureus and Staphylococcus epidermidis (44) share a sequence identity of ϳ30% to the GH73 of LytB.
Besides the GH73 module, LytB CAT consists of two all-␤ modules. Structural comparison using the Dali server (45) revealed that the first all-␤ module closely resembles SH3b domains, with a Z-score of Ն5.1. Thus we termed this module LytB SH3b . All SH3b domains in the output were listed as predicted or hypothetical bacterial cell wall hydrolases in the form of single or multiple modules. The only two well characterized hits were the SH3b of the ␥-D-glutamyl-L-diamino acid endopeptidase AvPCP from Anabaena variabilis (46) and that of Staphylococcus capitis peptidoglycan hydrolase ALE-1 (47), both of which appear to contribute to substrate binding. SH3b modules have also been found in fusion with NlpC/P60 domain of cell wall peptidases (46) or CHAP domain of cell wall amidases (48) . Superposition of LytB SH3b against the SH3b of AvPCP (PDB code 2hbw) and ALE-1 (PDB code 1r77) yielded an r.m.s.d. of 2.5 and 2.1 Å over 60 and 58 C␣ atoms with a Z-score 7.6 and 5.1, respectively. The SH3b modules of LytB, AvPCP, and ALE-1 share a quite similar fold, with most secondary-structure elements well superimposed (Fig. 2C) . In addition, the SH3b of S. capitis PGN hydrolase ALE-1 was reported to specifically recognize the pentaglycine interpeptide of S. aureus PGN (47) . This suggests that LytB SH3b might also contribute to the peptide recognition despite only sharing a sequence identity of Ͻ15% to the currently structure-known SH3b domains.
A homology search of the second all-␤ module with the Dali server produced an output of several functionally unrelated proteins with a Z-score of Յ2.5. Structural superposition yielded an r.m.s.d. of about 2.7 Å over 43 C␣ atoms against a segment (Arg-68 to Pro-125) of the first hit, an elongation factor P from Thermus thermophilus (49) . Alternatively, a search against the SCOP indicated that it mostly resembles the threestranded ␤-sheet of the chitin binding domain of Serratia marcescens chitinase ChiB (PDB code 1e15) (50) . The chitin binding domain belongs to the carbohydrate binding domain superfam- ily in WW-like fold (50); thus we termed this module LytB WW . Structural superposition of LytB WW and the chitin binding domain yields an r.m.s.d. of 1.6 Å over 26 C␣ atoms. Except that the loops vary a lot, the ␤-sheet could be well superimposed onto each other (Fig. 2D) .
A Simulated Model of LytB Binding to the Putative Substrate-LytB has been proved to be a glycosidase toward the NAG-(␤-1,4)-NAM glycosidic bond, functioning at the septum to separate the cell walls of two daughter cells (18) . However, its bona fide physiological substrate remains undefined. Electrostatistic potential of LytB CAT surface revealed a T-shaped pocket that is composed of two parts: a groove through the catalytic module LytB GH73 and a cleft between LytB SH3b and LytB WW (Fig. 3A) . This putative substrate binding pocket is reminiscent of the structure of an extended repetitive unit of PGN, the tetrasaccharide-pentapeptide NAM-NAG-NAM(-LAla-D-iGln-L-Lys-D-Ala-D-Ala)-NAG (termed TSPP). Due to the commercial unavailability of TSPP, we docked the structure of TSPP generated by the program of PRODRG server (51) to our LytB CAT structure by AutoDock (33) . The simulated model showed that the carbohydrate moiety is located in the groove of LytB GH73 , whereas the pentapeptide stretches into the cleft between LytB SH3b and LytB WW (Fig. 3A) . The tetrasaccharide moiety is stabilized by hydrogen bonds with four polar residues of LytB GH73 . In detail, residues Ser-570, Lys-576, and Asn-578 form three hydrogen bonds with ϩ1 subsite NAM, whereas Ser-645 forms a hydrogen bond with O6 of Ϫ3 subsite NAG. In addition, several hydrophobic residues including Ile-474 in LytB WW and Leu-563 in LytB GH73 form hydrophobic interactions with the carbohydrate moiety of Ϫ3 subsite NAG (Fig.  3B) . Notably, the residue Glu-564 is ϳ4.5 Å to the C1 atom of Ϫ1 subsite NAG; moreover, it is well superimposed to the catalytic Glu-122Ј of Auto (Fig. 2A) . The pentapeptide moiety is mainly stabilized by hydrophobic interactions with three residues: Leu-447 in LytB SH3b and Phe-453 and Ala-469 in Lyt-B WW . In addition, Ser-410 of LytB SH3b forms a hydrogen bond with D-iGln. Multiple sequence alignment indicated all these putative substrate binding residues are highly conserved among the Streptococcus mitis group and Gemella species (Fig. 3C) . Beyond the previous reports (46, 47) , this model provided another example that the SH3b domain participates in the binding to PGN peptide.
The SH3b and WW Modules Are Indispensable for the Activity of LytB-It was previously reported that LytB could hydrolyze the cell wall at a much lower level compared with the autolysin LytA (18) . Moreover, LytB is enriched at the septum of dividing pneumococci (18) , indicating LytB prefers the immature PGN. We first compared the hydrolytic activity of LytB toward PGN prepared from the wild-type TIGR4 strain (termed mature PGN) and that from the lytB knock-out strain (termed immature PGN), according to a previously reported procedure (36) . In agreement with the previous data (18), LytB hydrolyzed the mature PGN at a very low velocity. By using the PGN from the lytB knock-out bacteria as the substrate, which was proposed to consist of more immature branches of PGN, the hydrolytic velocity of LytB is increased by about 50% (Fig. 4) . Moreover, compared with the ϳ30% retained activity toward the mature PGN, LytB CAT retained about 60% of the activity of the full-length LytB toward the immature PGN. In consequence, we systematically compared the hydrolytic activity of wild-type LytB and its mutants toward the immature PGN. In contrast, deletion of the SH3b module resulted in a hydrolytic activity of about one-fifth that of LytB CAT , whereas deletion of both SH3b and WW modules almost completely abolished the activity (Fig. 4) . In addition, the hydrolytic activity of the LytB E564Q mutant protein was almost undetectable (Fig. 4) , further proving the crucial role of Glu-564 for the catalysis.
Deletion of LytB resulted in the formation of long-chain pneumococci, which could be dispersed by incubation with recombinant LytB (18) . To check if SH3b and WW modules contribute to the chain-dispersing activity of LytB, we compared the morphology of pneumococci incubated with LytB and various truncated versions. The wild-type pneumococci usually appear in pairs of cocci or diplococci (Fig. 5A) , whereas the lytB knock-out strain ST001 form long chains (Fig. 5B) , as reported previously (8, 18) . Compared with the negative control with phosphate buffer (Fig. 5C) , incubation with the wildtype LytB or LytB CAT could separate most long-chain cells (strain ST001) into diplococci (Fig. 5, D and E) . In contrast, very few of long-chain pneumococci could be hydrolyzed by LytB WW-GH73 or LytB GH73 protein (Fig. 5, F and G) . Moreover, mutation of E564Q at the full-length LytB would almost completely abolish the chain-dispersing activity of LytB (Fig. 5H ).
To further demonstrate the in vivo contribution of each LytB module to cell separation, we compared the morphology of a series of strains with the coding region of full-length LytB or individual modules deleted (Table 1) . Similar to the wild-type TIGR4 strain (Fig. 5A) , the streptomycin-resistant derivative S. pneumoniae strain also formed diplococci (Fig. 6A) , whereas the corresponding lytB knock-out strain exhibited long chains (Fig. 6B) . Deletion of either SH3b and WW modules or only the SH3b module led to the phenotype of forming long-chain pneumococci (Fig. 6, C and D) , similar to the lytB knock-out strain (Fig. 6B ). All these results clearly suggested that the SH3b and WW modules are indispensable for LytB in cell separation. Remarkably, a single nucleotide mutation of G 3 C (resulting in an E564Q mutation in LytB) on the chromosome of S. pneumoniae TIGR4 resulted in the long chain morphology (Fig. 6E) . Moreover, the strain with the chromosomal complementation of lytB gene could restore the phenotype of diplococci (Fig. 6F) . These results indicated that an active LytB is necessary for the cell separation of pneumococci.
The Catalytic Activity of LytB Is Crucial for S. pneumoniae Adhesion to and Invasion into Human Lung Epithelial Cells-
As a common colonizer of the human nasopharynx, S. pneumoniae can radiate from the nasopharynx to the lung for fur- ther pathogenesis (52) . It has been reported that LytB is required for pneumococcal colonization in nasopharynx (20) , but little is known for its infection to the lung. To address this question, we detected the ability of various pneumococci to adhere to and invade into human lung epithelial A549 cells. Compared with the wild-type TIGR4 strain, the lytB knock-out strain lost ϳ90% of adhesion and invasion capacity (Fig. 7, A and B). The amount of mutant bacteria for both strains of lytB ⌬SH3b and lytB ⌬SH3b-WW adhered to and invaded into A549 cells were reduced to ϳ60% (Fig. 7, A and B) . These data revealed that the SH3b and WW modules of LytB are important for pneumococcal adhesion. In addition, the lytB E564Q mutant strain also showed a significant decrease of adhesion and invasion (Fig. 7, A and B) , indicating the putative catalytic residue (Table 1) . B, the lytB knock-out streptomycin-resistant derivative S. pneumoniae strain ST003; complement of coding region for lytB ⌬SH3b-WW (C), lytB ⌬ SH3b (D), lytB E564Q (E), and wild-type lytB (F). Images of bacteria dyed with Gram's stain are taken when the A 620 nm reached 0.3; G, PCR validation of the deletion and complement of various strains.
Glu-564 is critical for LytB. The reduced adhesion rates of various lytB mutants were further validated by fluorescence microscopy. The experiments showed that bacterial adhesion was significantly compromised in the strains lacking the entire lytB or various modules of its catalytic domain (Fig. 7C) . Together, these data demonstrated that the full activity and integrity of LytB play an important role in pneumococcal adhesion to and invasion into respiratory epithelial cells.
DISCUSSION
The GH73 module represents a common catalytic domain for many cell wall PGN hydrolases, which are ubiquitously found in both Gram-positive and -negative bacteria according to the Carbohydrate Active EnZymes database. It is usually fused with the varying cell wall binding modules, such as CBD, LysM, and SH3b (see the Pfam protein families database) (53).
However, GH73 can adopt completely opposite physical organizations and functional relationships with the cell wall binding modules in various bacterial cell wall hydrolases. For instance, GH73 is fused to the N terminus of four SH3b modules in L. monocytogenes autolysin Auto (42, 54) , whereas the Clostridium perfringens autolysin Acp adopts an opposite modular organization in which GH73 is linked to the C terminus of 10 SH3b modules (55) . In both the Auto and Acp autolysins, the GH73 module is catalytically active in the absence of the SH3b modules (42, 54, 55) , suggesting that the SH3b modules are involved in another functional aspect(s) of these enzymes, such as cell wall positioning and regulation of autolytic activity as described for the SH3b modules of the invasion protein InlB of L. monocytogenes (42, 56) . In contrast, the major cell wall hydrolase AtlA of Enterococcus faecalis requires both the GH73 and the cell wall binding LysM modules for optimal activity FIGURE 7. Efficiency of adhesion to and invasion into human lung epithelial cells by S. pneumoniae TIGR4 and its isogenic lytB mutants. Quantification of bacteria adhesion to (A) and invasion into (B) human lung epithelial A549 cells. C, comparison of the wild-type and various lytB-mutant strains of pneumococci adhering to A549 cells by fluorescence microscopy. Cells grown on coverslips were incubated with wild-type S. pneumoniae and its isogenic lytB mutants. The strains used are listed in Table 1 . WT, wild-type S. pneumoniae ST002 was used as the positive control; KO, the lytB knock-out strain ST003; ⌬SH3b, the lytB ⌬SH3b strain ST005; ⌬SH3b-WW, the lytB ⌬SH3b-WW strain ST004; E564Q, the lytB E564Q mutant strain ST008. Bacteria were label with fluorescein isothiocyanate. A549 cells were labeled with propidium iodide. The adhesion rates are shown as the percentage of wild-type pneumococci. Data are presented as the means Ϯ S.D. for three independent experiments. One-way analysis of variance with a post hoc The Dunnett test was used for the comparison of statistical significance.
The p values of Ͻ0.05, 0.01, and 0.001 are indicated with *, **, and ***, respectively. Previous studies have shown that LytB is important for pneumococcal cell division, immune evasion, and infectivity (8, 20) . De Las Rivas et al. (18) have shown that a recombinant LytB hydrolyzed pneumococcal PGN and dispersed the long chains of pneumococcal ⌬lytB mutant, suggesting an endo-␤-Nacetylglucosaminidase activity that cleaves the ␤(1,4)-glycosidic bond between NAG and NAM . The same study also described that LytB tends to accumulate in the cell poles or septal boundary of S. pneumoniae, whereas LytA, another cell wall hydrolase and the major autolysin of S. pneumoniae, preferentially accumulates to the equatorial regions of the cells (18) . These studies have unequivocally indicated important and unique features of S. pneumoniae LytB, but the structural and biochemical mechanism of LytB as a PGN hydrolyze remains to be defined. Our structure-guided activity assays clearly elucidated the relationship between the modular organization and molecular functions of LytB.
The modular structure and primary sequences of mature S. pneumoniae LytB are unusually similar among the LytB orthologs in many species of two distantly related Grampositive bacterial groups: S. mitis group and Gemella species (Fig. 8) . S. mitis group and Gemella species taxonomically belong to Lactobacillales and Bacillales (two different orders of the Firmicutes), respectively (58) . Although the mitis group represents a fraction of streptococcal species that colonize the oral cavity and the upper respiratory tract of humans, Gemella species are common residents of mucosal surfaces in the oral cavity, upper respiratory tract, and digestive tract of humans and animals. Because the S. mitis group and Gemella species co-inhabit in the oral cavity and the upper respiratory tract, the sequence and structural similarities of the LytB orthologs may be a result of lateral gene exchange between the two bacterial groups.
The ␣-helical structure of the C-terminal GH73 module is the catalytic core of LytB. This module contains the catalytic glutamine residue (Glu-564) and three additional aromatic amino acids (residues Phe-580, Tyr-633, and Trp-639) that create a hydrophobic environment for catalysis. These residues and their arrangement are highly conserved in other GH73-containing cell wall hydrolases, such as L. monocytogenes autolysin Auto (42) and the flagellar protein FlgJ of Sphingomonas sp. (43) . The importance of residue Glu-564 in LytB catalysis is validated by subsequent mutagenesis and biochemical analyses. The LytB E564Q mutant protein exhibited barely detectable activities in hydrolysis of purified pneumococcal PGN (Fig. 4) and chain dispersing of the ⌬lytB mutant pneumococci (Fig.  5H) . Consistently, the LytB E564Q mutant pneumococci displayed severe defects in cell division (Fig. 6E) .
The two all-␤ modules of LytB are critical for its PGN hydrolase activity. Our structural results showed that the SH3b and WW segments (upstream of the GH73) form two all-␤ structural modules (Fig. 1) . The LytB recombinant proteins lacking SH3b alone or both the SH3b and WW modules displayed a significant reduction in hydrolytic activity toward the immature PGN (Fig. 4) and chain dispersing of the ⌬lytB mutant pneumococci (Fig. 5) . In addition, the pneumococcal mutants lacking the SH3b and WW modules also displayed severe defects in cell division (Fig. 6) . Comparative analysis revealed that the first all-␤ module formed by the SH3b segment resembles the structures of the SH3b domains in the ␥-D-glutamyl-L-diamino acid endopeptidase AvPCP of A. variabilis (46) and peptidoglycan hydrolase ALE-1 of S. capitis (47) . Because the SH3b domains of AvPCP and ALE-1 are necessary for peptide substrate recognition, it is reasonable to predict that the first all-␤ module formed by the SH3b segments contributes to the recognition of the PGN layer-bridging peptide in the context of LytB substrate binding. Additional analysis revealed that the second all-␤ module derived from the WW-like segments is structurally similar to the chitin binding domain of S. marcescens chitinase ChiB, implying a peptide binding function for this module. These predictions are consistent with the significant impact of both the SH3b and WW modules on the PGN hydrolase activity of LytB as discussed above. Taken together, we believed that the SH3b and WW modules of S. pneumoniae LytB and orthologs are involved in specifically recognizing the bridging peptide structures of the cell wall PGN.
The N-terminal CBD domain is not essential for the optimal catalytic activity of LytB, especially toward the PGN containing more nascent fragments. Although we were unable to obtain the structure of the full-length LytB with its N-terminal CBD, we attempted to understand the impact of the CBD on the PGN hydrolase activity of LytB by biochemical analysis of the fulllength protein. The LytB CAT showed ϳ60% of the hydrolase activity of the full-length LytB with the immature PGN preparations (Fig. 4) , indicating a significant but not essential role of the CBD in the LytB function. The CBDs also contribute to the activities of other S. pneumoniae PGN hydrolases, such as LytA (59, 60) , LytC (16) , and CbpF (61) . The CBD of LytA is essential for the formation of the homodimer and thereby its NAM amidase activity (59, 62, 63) . In contrast, our data showed that the full-length LytB is a monomer. Thus, the CBD of LytB is likely to contribute to the LytB activity by anchoring the protein to the choline-containing cell wall.
Finally, it is intriguing that the LytB mutants exhibited significant impairment in epithelial adhesion and invasion. One potential reason behind this observation is that LytB may promote pneumococcal adhesion/invasion by direct physical interaction with its cognate receptor(s) on the host cells. Alternatively, LytB may enhance bacterial adhesion/invasion by contributing to appropriate cell division and cellular integrity through its cell wall remodeling activity. Additional studies will be needed to define the physiological mechanism by which LytB contributes to pneumococcal pathogenesis.
